Summary of Theory
The "starting stage of operation," "single blow," or "transient test technique," as it has been called by various authors, began with the analysis by Anzelius in 1926. Nusselt in 1927, Hausen in 1927 and 1929, and Schumann in 1929 treated the problem of analytically determining the fluid and solid temperature as a function of position and time for a porous solid, initially at a uniform temperature, when subjected to a change in the entering fluid temperature. The analysis is based upon an energy balance on an element of the porous solid (see Fig. 1 ).
Assumptions made in the analysis are:
( ) Properties of the fluid are temperature independent ( ) Fluid flow is steady (c) Porous solid is homogeneous (d) Thermal conductivity of both fluid and solid is infinite perpendicular to the fluid flow direction
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(e) Thermal conductivity of fluid is zero in the flow direction.
Initial and boundary conditions are:
(a) The matrix is initially at a uniform temperature (b) At time equal zero, the temperature of the entering fluid changes instantaneously to a different, constant value, i.e., a step change in fluid temperature (c) The matrix boundaries are adinbatic. Kc, Kc = contraction loss coefficient for flow at heat exchanger entrance or exit respectively, dimensionless k = fluid thermal conductivity, Btu/(lir sq ft deg F/ft) ks = matrix thermal conductivity, Btu/(hr sq ft deg F/ft) L = total matrix flow length, ft Lk = average conduction length, ft m = mass flow rate, lbm/hr P = pressure, lbf/sq ft p = porosity for matrix surfaces, dimensionless q = heat transfer rate, Btu/hr Making the foregoing substitutions, equations (1) and (2) become
Schumann's solution for this particular case is
where the downstream fluid temperature is evaluated at x = L so that z -Nta and tf = t/1. Observing that the maximum slope of the generalized heating curve is a unique function of iVtu, Locke presented this in graphical form as iVtu versus maximum slope.
Howard [2] extended this analysis by finite difference technique to include the effect of longitudinal conduction. Table 1 and Figs. 2 and 3 present the relationship of the maximum slope and A r tu with the longitudinal conduction parameter, X.
For a particular experimental run, having determined the longitudinal conduction parameter, the A r hi can be established from the maximum slope of the experimental cooling curve. From this, the convective heat transfer coefficient, h, or the dimensionless Colburn j'-factor, j = iVstA r pr 2^! can be determined.
For the case of thermal conduction in the solid parallel to the direction of flow equal to zero, equations (3) and (4) simplify to:
This solution was first used as the basis for a transient technique by Furnas in 1932. The fluid temperature was measured at the exit of the matrix where x = L, therefore z = A r tu-The experimental data were compared with Schumann's theoretical constant z-curves. The theoretical z-curve which best fit the experimental data was considered as the A r tu of the matrix and from this value, h, the convection conductance was determined.
Locke [l] 1 differentiated the theoretical solutions for the exit fluid temperature for constant Aftu and obtained the following expression for the slope of the generalized heating curve:
1 Numbers in brackets designate References at end of paper. 
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Experimental Facility
An experimental facility must be designed to meet the restrictions imposed by the idealizations of the theoretical analysis. The most important idealization to be met is the simulation of a step input to the fluid temperature entering the matrix. Several experimental arrangements have been emploj'ed to obtain this step change in fluid temperature. Using two fluid sources, one warmer than the other, a valve can be employed to switch from one fluid flowing through the matrix to the other fluid; or the matrix can be mechanically moved from one fluid stream to the other. An alternate to these arrangements is to employ a single fluid stream with an electrical heater installed upstream of the matrix. Using a low thermal capacity heater results in a fast response in fluid temperature to the turning 011 or off of the electric current to the heater.
The present transient facility at the U. S. Naval Postgraduate School has been developed in two stages. The initial facility utilized the "sliding drawer" technique, that is, the matrix was moved mechanically from a heated airstream into an ambient airstream. Pig. 4 shows the test section with the matrix holder sliding drawer in the heat ing position.
The present facility utilizes a single airstream with a series of flue nichrome wire heaters just upstream of the test matrix (see Figs. 5 through 8). The induced flow directly from the inlet bell through a wire screen and the nichrome wire heaters provides a uniform flow to the test matrix. The matrix is surrounded by styrofoam plastic to prevent transverse conduction to the test section walls (see Fig. 7 ). The flow-measuring device is an ASME standard D and D/2 orifice meter with changeable orifice plates [3] , and is located downstream of the test section. Pressure drop data for evaluating the friction factor are obtained from static pressure taps located in the test section immediately upstream and downstream of the test matrix holder. Various manometers are used consistent with the pressure range encountered. All pressure drop data for evaluating the friction factor are taken under ambient air conditions; i.e., isothermal flow.
Experimental Method
The test matrix is heated to a uniform stead}' temperature (approximately 20 deg F above ambient). Quickly turning off the heaters provides the step change in air temperature. By referencing the thermocouples downstream of the matrix to the thermocouples upstream of the heaters, the initial temperature difference can be closely controlled by limiting the electrical input to the heaters.
One of the advantages of employing this method is that the hydrodynamic flow is not disturbed. Steady flow 7 is established before the change in temperature is made.
After the heaters are turned off, this temperature difference is continuously recorded by a strip chart recorder. This recorded trace has the distinct advantage that no transposition of data is required which would produce increased uncertainties because the maximum slope of the cooling curve is obtained directly from this recorded trace. By limiting the initial temperature difference to about 20 deg F, the thermophysical properties of the air are essentially constant during its temperature and pressure changes through the test core. The heat transfer coefficient, therefore, will also be essentially constant, and the bulk mean temperature can then be used to evaluate the thermophysical properties.
The applicability of the "single-blow" transient technique depends 011 several considerations. At high values of A r tu the numerical analytic results were difficult to obtain. The upper limits shown in Figs. 2 and 3 represent the extent of confidence in these calculations. An alternate numerical solution utilizing a numerical inversion of Laplace transforms technique by Moreland [4] has confirmed the results of Howard [2] for A r tu-values less than 20. The uncertainty in values of iY(u < 3 arises from two sources. The first is due to the inflection points from the analytic solution of A T tu versus maximum slope, Fig. 3 . This interrelationship of the uncertainty in A r tu with the uncertainty in the maximum slope can be obtained by forming the derivative of the A r tu versus maximum slope curves. The results of this operation are shown in Fig. 9 . The second is due to the response of the physical system. The maximum slope of the temperature-time curve approaches or will occur at time zero, which requires a sharp step input in fluid temperature along with sensitive, quickresponse instrumentation.
The uncertainty intervals [5] for the Colburn ./-factor using the single-blow maximum slope technique are of the order of ±7.5 percent in the high Reynolds number range (i.e., low A r tu) to
Transactions of the ASME ±15 percent in the low Reynolds number range (i.e., high Ntu)-The uncertainty interval for the Fanning friction factor is approximately ± 5 percent and for the Reynolds number about ± 3 percent. The uncertainty intervals for repeatability of tests in the present facility are less than ± 5 percent for the Colburn j'-factor, ± 2 percent for the Fanning friction factor, and ± 1 percent for the Reynolds number.
Experimental Results
Experimental results obtained by the single-blow transient technique for seven compact matrices are presented [6] . The seven matrices tested were all of the same geometry, made by stacking a formed plate and a plane splitter plate, as shown in Fig. 10 . The flow r channels formed by this geometry may be compared to rectangular channels with an aspect ratio of about seven. For identification purposes, this geometry will be called the "modified rectangular passage." Five matrices were fabricated of perforated nickel plate, one matrix with a perforated formed plate and a solid nickel splitter plate, and one matrix of solid nickel plate. Of the five perforated plate matrices, two had elongated slot perforations, the other three had round hole perforations.
The perforated nickel plate employed is an electro-deposited metallic sheet of integral structure manufactured by Perforated Products, Inc., and the geometric properties are given in Table 2 . The geometrical and physical properties of the matrices are given in Table 3 .
In the evaluation of the longitudinal conduction parameter for the matrices fabricated of perforated nickel plate, two parameters require special attention. The conduction path length is greater than the fluid flow length through the matrix, and the cross-sectional area for conduction varies with this conduction path. In an attempt to account for these differences, the longitudinal conduction parameter was evaluated by noting the orientation of the perforations in the matrix and using an average conduction path length around the perforations, and by using the minimum crosssectional area between the perforations. The longitudinal conduction parameter thus evaluated is subscripted as Xt.
All matrices formed had a frontal cross section of approximately 3.2 in. sq and a length of 2.0 in. in the flow direction, and flow passages with a hydraulic diameter of approximately 0.002 ft, thus, the L/DH ratio in all cases was of the order of 83. Heat 
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J a n u a r y transfer and flow friction data for each matrix ai'e given in Table  4 . A typical graphical presentation is given in Fig. 11 , showing the experimental data points, using the Colburn j-modulus, Fanning friction factor /, and Reynolds number. In evaluating the Reynolds number, the hydraulic diameter was used. It is apparent from the results that an improvement in performance is obtained by the use of perforated plate. The heat transfer characteristics are improved without a corresponding increase in fluid friction. Apparently, the perforations disturb the thermal boundary laj'er to a much greater degree than the hydrodvnamic boundary layer. 
Conclusions
The single-blow maximum slope transient testing technique has been described. The advantages of this relatively simple experimental technique yield heat transfer and fluid friction results with relatively low uncertainties.
Data for several plate-fin type heat transfer matrices fabricated of perforated nickel indicate that the perforations increase heat transfer performance without a large frictional power penalty. 
Reynolds Number
Reynolds number is defined as:
where G is the mass flow velocity based on the free flow area, A c.
A P P E N D I X
The following is a summary of some of the data reduction relations which were used.
Geometry
The geometrical factors of interest are the porosity, y, the hydraulic diameter, DH, and the area compactness, /3. Deter- 
where the subscript 1 is for upstream, 2 is for downstrenm, and m for the arithmetic mean of 1 and 2; K, is t he entrance coefficient and K. the exit coefficient, and both are dependent on porosity, shape of the Bow cross section, and the mntri.x Rey nolds number. Values of K , and K. are obtnined from Figs. 5-3, -4, -5 of reference [7] . Since the testing was done at near ambient condit ions, "the perfe ct gas equntion may be introduced together with t he npproximation that Solving for the F ann ing fr ictiou fnct-or
'"
Colburn i-Factor
Colburn j-facto r is defined as:
Substituting for G and introducing Nt" yields: For comparison purposes, the smface geometries were redu ced to n common hydraulic diameter of D /l = 2 X 10-8 ft.
Transactions of the AS M E

